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Abstract 
Oxygen plasma source generated by thermal cathode filament discharge has been used to study the erosion process of polyim-
ide (PI) materials in atomic oxygen (AO) environment, and their mass loss, surface morphology and surface chemical composi-
tions have been examined by scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS) after exposure 
to incremental AO flux. The data indicate that the physical adsorption of AO at the samples’ surface results in the increase of
oxygen concentration when polyimide is exposed to AO flux. Then selective chemical reactions of groups of polyimide materials 
with AO yield volatile organic compounds, sample mass loss is on linear increase and carpet-like surface morphology forms. In 
the initial exposure to AO, the reaction occurs mainly between AO and carbon in specific location of aromatic ring, then the re-
action rate of C=O groups gradually increases. After AO exposure, the oxygen concentration increases while nitrogen and carbon 
concentration decreases. Reaction rate of groups containing nitrogen is slower compared with carbon and oxygen. 
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1. Introduction1
Low earth orbit (LEO) space (attitudes ranging from 
200 km to 700 km) is the important place for human to 
develop and utilize. This high vacuum environment is 
composed of high incident fluxes of atomic oxygen 
(AO), the full spectrum of solar radiation, constant 
thermal cycling, micrometeoroid and space debris. AO 
is formed by the photo-dissociation of molecular oxy-
gen in the upper atmosphere with a concentration of 
106-10  atoms/cm . The erosive potential of AO is sub-9 3
stantially increased as a result of the high orbiting 
speed of spacecraft of 7-8 km/s. In this relative veloc-
ity, the AO flux is about 1012 -10  atoms/(cm ·s) and 15 2
kinetic energy is about 5 eV[1-3].
Polyimide (PI) materials have been widely used as 
thermal control materials and flexible substrates for 
light weight, high power solar cells because of their 
high strength, low density, temperature stability, ex-
cellent insulation properties, ultraviolet (UV) stability 
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and infrared (IR) transparency. In the LEO environ-
ment, AO interacts with PI materials to result in mass 
loss and changes in surface morphology, optical and 
thermal properties, which affects the performance of 
solar cell systems including the drop in battery power 
output and the decrease of structure carrying capacity, 
and even seriously affects the implementation of space 
mission[4].The in-depth study on the erosion process of 
PI materials when exposed to AO environment is im-
portant in predicting performance characteristics such 
as in-space durability. 
The detailed erosion mechanisms of PI materials in 
AO environment are still poorly understood because of 
the limitation of AO simulation technology and the 
complexity of mechanisms[5-6]. S.W. Duo, et al. have 
studied the erosion behavior of Kapton exposed to AO 
environment in the ground-based simulation facility 
and the results indicated that Kapton reacted with AO 
to generate CO2 resulting in the mass loss . M. B. [7]
Deanna, et al. have studied the dependence of the mass 
loss on sample temperature by directing a hyper ther-
mal AO flux at Kapton samples at various tempera-
tures and then conducting post exposure analyses, and 
it appears that a temperature-independent process 
dominates the erosion at temperatures lower than 
400 K[8]. C.F. Dale has studied the change of surface 
chemical compositions using AO ion beam to bombard Open access under CC BY-NC-ND license.
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Kapton, and the loss of carbon suggests that the sur-
face structure seen may be produced by oxygen pref-
erentially attacking certain bonds in the polymer such 
as the C-O bond(E = 3.7 eV)[9], and the C-C bond 
(E = 3.8 eV)[9]. In most flight experiments and ground 
simulated experiments, the mass loss and surface 
morphology before and after AO exposure have been 
studied mainly, but the interaction process between AO 
and PI materials is less researched during exposure 
process[10-11].
In this study, PI samples have been exposed to oxy-
gen plasma used to simulate the AO environment. Sur-
face chemical compositions of PI materials have been 
characterized using X-ray photoelectron spectroscopy 
(XPS) during incremental AO exposure time, and 
changes of mass loss and surface morphology have 
been observed at the same time. The object of the 
present study is to gain a better understanding of the 
erosion process of AO to PI materials by analyzing 
surface chemical compositions during AO exposure. 
2. Experimental
Ground-based atomic oxygen environment simula-
tion facility with oxygen plasma source is frequently 
used in AO environment simulation experiments 
abroad. Data obtained including erosion yield, mass 
loss, oxidation degree and surface morphology are 
basically consistent with flight experimental results. 
The ground-based atomic oxygen environment simula-
tion facility, with the thermal cathode filament dis-
charge and magnetic field bound, has been used in our 
experiments to produce uniform oxygen plasma in the 
vacuum chamber for simulating the AO environ-
ment[12]. The exposure conditions are as follows: the 
discharge voltage of 120 V, the discharge current of 
140 mA, vacuum chamber pressure of 0.15 Pa, atomic 
oxygen flux of about 7.1 × 1015 atom/(cm2·s), deter-
mined by measuring the mass loss of a Kapton H 
reference sample that is assumed to have an erosion 
yield of 3.0×10í24 cm3/atom and total exposure time 
of 25 h. 
As-received PI samples (from Yangzhou Yabang 
Insulation Material Co., Ltd., with the volume of 
1 cm × 1 cm × 25 Pm and density of 1.4 g/cm3) were 
wiped with isopropanol and then inserted into the 
vacuum chamber to perform the AO exposure experi-
ments. The sample was taken out at every 5 h from 
vacuum chamber and put back after weighting by ana-
lytical balance (Sartorius mode BP211D, accuracy 
105 g). The surface morphology of exposed samples 
was characterized by scanning electron microscopy 
(SEM, Japan JEOL Ltd., mode JSM-5800) after being 
sprayed gold on surface in vacuum. 
Surface chemical compositions of samples were 
characterized by XPS (Physical Electronics Inc., mode 
PHI Quantera SXM) after incremental AO exposure 
time. The vacuum chamber pressure was 6.7×108 Pa 
and the sample was tilted 45° off the axis of the ana-
lyzer. Because XPS was performed using a defocused 
source, the XPS data was an average over the area of 
about 4 mm in diameter. 
3. Results and Discussion 
Mass loss curve obtained from PI samples during 
AO exposure is shown in Fig.1. The increasing ad-
sorption oxygen on the PI samples surface resulted in 
the production of many volatile compounds, increased 
sample mass loss and aggravated erosion. Mass loss of 
samples was on a linear increase with the increase of 
AO flux. Calculated value of erosion yield of PI mate-
rials was about 3×1024 cm3/atom which was consistent 
with the data from flight experiments abroad[13] . PI 
samples were amber, transparent and glossy before 
exposure but then became yellow, translucent and 
rough.
XPS survey spectra obtained from PI samples after 
incremental AO exposure time is shown in Fig.2. 
Fig.1  Mass loss of PI samples during AO exposure.
Fig.2  XPS survey spectra obtained from PI samples after 
various AO exposure time.
The peaks apparent in these spectra include C1s, O1s,
N1s and O Auger peaks. Significant changes in relative 
peak heights are observed due to AO exposure. An 
estimate of the near-surface compositions has been 
obtained from the peak areas in the survey spectra by 
assuming that this region is homogeneous and using 
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published atomic sensitivity factors[14]. The composi-
tions determined in this manner are presented in Table 1 
for the as-entered 5 h, 10 h, 15 h and 20 h AO expo-
sure. During the whole exposure, C concentration is 
always less than that of the as-received sample. Re-
duction rate of C concentration is quick initially, then 
slow during AO exposure. It decreases from 73.44% to 
67.89% quickly, and finally rebounds to 72.73%. The 
surface O concentration increases significantly with 
increasing exposure to AO flux. It rapidly increases 
from 19.96% to 24.32% after 10 h exposure, then 
slowly decreases to 21.87% after 20 h exposure. The 
reasons for these compositional changes are analyzed 
by high resolution XPS spectra below. 
Table 1  Surface compositions determined from XPS  
survey spectra of PI samples after AO expo-
sure 
Surface composition/at% 
Exposure time/h 
C N O 
0 73.44 6.60 19.96 
5 69.40 6.47 24.13 
10 67.89 7.79 24.32 
15 71.15 5.64 23.21 
20 72.73 5.40 21.87 
The chemical species and assigned binding energies 
(BEs) corresponding to the molecular sites are labeled 
in Fig.3 and BE values are given in Table 2[15].
Fig.3  Molecular structure of polyimide showing labeled 
atomic sites. 
Table 2  BEs of PI species 
C1s O1sEle-
ments 1 2 3 4 5 6 1 2 
N1s
BE/eV 284.7 285.6 285.7 285.8 286.3 288.6 532.0 533.2 400.6
High resolution XPS C1s, N1s and O1s spectra ob-
tained from samples surface exposed to incremental 
AO exposure time are shown in Fig.4, Fig.5 and Fig.6, 
respectively. Significant variations in peak shapes and 
positions are observed, indicating that the chemical 
species distribution and surface chemical compositions 
are altered significantly by exposure to AO flux. 
The C1s spectra shown in Fig.4 indicate that the 
predominant form of carbon is aromatic C at site 1 as 
shown in Fig.3, and the features due to the carbonyl 
group at site 6 are eliminated by AO exposure. This 
site-specific attack is consistent with production of 
volatile CO and CO2. It is obvious that C = O has the 
trend of reducing rapidly. Although subtle, the shoul-
der due site 4 (and possibly site 2 and site 3 carbon) 
appears to decrease with AO exposure. This shows that 
groups containing C at different sites of PI materials 
have different reaction rates during AO exposure. C at 
site 2, 3, 4 (39% of the total C of PI materials) firstly 
reacts with AO. C concentration reduces rapidly then 
reaction rate slows down. The reaction rate of C at site 
6 (17% of the total C of PI materials) is quick but C at 
site 1 is still at a low speed. With the increasing of AO 
exposure time, the reduction speed of C concentration 
slows down and finally rebounds relatively because of 
the increasing reaction speed of AO with groups con-
taining O. This is consistent with the XPS survey spec-
tra of C shown in Fig.2.  
Fig.4  XPS C1s spectra obtained from PI samples after 
various AO exposure time.
The N1s peak is shown in Fig.5, and the as-received 
PI samples have the BE of 400.7 eV. During AO ex-
posure, N1s peak becomes broader and a distinct 
shoulder is apparent on the low-BE 399.0 eV. This 
shows that after the C = O portions of PI materials are 
removed to form CO2 and CO by reaction with AO, 
the N forms CN species. The N concentration of the 
surface increases after 10 h AO exposure (see Table 1) 
Fig.5  XPS N1s spectra obtained from PI samples after 
various AO exposure time. 
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for the rapid decrease of C concentration at site 2, 3, 4 
(39% of the total C of PI materials), indicating that the 
rate of removal of groups containing N is slower than 
the removal rate of O and C during AO exposure. Then 
reaction rate in these sites slows down and the reaction 
rate of C = O groups (C is only 17% of the total C of 
PI materials) increases. Because the reaction rate of 
groups containing N is basically unchanged during AO 
exposure, after15 h and 20 h exposure the C concen-
tration rebounds relatively while N concentration is 
somewhat reduced. 
The O1s peak shapes and positions obtained from 
samples are shown in Fig.6. The O concentration of PI 
samples surface is increased during AO exposure due 
to the physical adsorption and chemical oxidation on 
surface[11] . The increase of O concentration becomes 
slow due to the reaction of C = O with AO as volatile 
CO and CO2. As seen from Fig.6, the reaction rate of 
C = O at site 1 increases during AO exposure which is 
consistent with high resolution C1s spectra at site 6, and 
the reaction rate of O at site 2 appears to be unchanged. 
The predominant feature in this spectra lies at a lower 
BE than the O spectra in PI materials and may be due 
to the formation of  COC, O = CC species be-
cause their O1s BEs lie between 530.1-530.2 eV[15].
Fig.6  XPS O1s spectra obtained from PI samples after vari-
ous AO exposure time. 
SEM images obtained from PI samples exposed for 
different time in AO flux are shown in Fig.7. It is ob-
vious that samples’ surface is smooth with no obvious 
defects before exposure to AO flux but rough with 
blanket-like morphology after exposure, which reveals 
that PI samples’ surface is subjected to serious erosion, 
leading to much changes of surface morphology. The 
formation of crude morphology results from different 
removed rates of volatile compounds due to various 
reaction rates of groups with AO at different sites of PI 
materials surface. This is consistent with the different 
reaction rates reflected by XPS spectra of PI samples. 
(a) As-received 
(b) 5 h 
(c) 10 h 
(d) 15 h
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(e) 20 h
Fig.7  SEM images obtained from PI samples exposed for 
different time in AO flux.
Erosion process of AO with PI materials can be de-
scribed through analysis of the surface chemical com-
positions and surface morphology of PI samples dur-
ing AO exposure as shown in Fig.8. The data indicate 
that the physical absorption of AO at the samples’ sur-
face results in the increase of O concentration when PI 
is exposed to AO flux (see Table 1)[16]. Then selective 
chemical reactions of groups of PI materials with AO 
occur. In initial reaction, AO mainly reacts with spe-
cific C (site 2, 3, 4) described by reaction 1 producing 
volatile compounds containing C, then the reaction 
rate of C = O group gradually increases (reaction 2) 
and the surface C concentration decreases. The O 
concentration is increased during AO exposure due to 
the physical adsorption and chemical oxidation on 
surface, but the formation of CO and CO2 makes the 
increase of O concentration slow down. Groups con-
taining N react with AO at the same time, but the 
lower reaction rate results in the increase of N concen-
tration for a period of time. Such chemical reactions 
are exothermic, so the local surface temperature may 
be relatively high. AO provides a chemically induced 
driving force on the surface which results in diffusion 
of subsurface C, H and N to the surface where they 
continuously react with AO, leading to continuous  
Fig.8  Erosion process of AO with PI surface.
mass loss. The fact that groups of PI materials surface 
have different reaction rates causes the formation of 
blanket-like morphology (see Fig.7).
4. Conclusions
The erosion process of AO to PI materials is studied 
in AO environment generated by the ground-based 
atomic oxygen environment simulation facility with 
the thermal cathode filament discharge and magnetic 
field bound. The conclusions are drawn as follows: 
(1) Surface morphology of PI materials has changed 
significantly during AO exposure. It is smooth, amber 
with no obvious defects before AO exposure but be-
comes yellow, translucent and rough during incre-
mental AO exposure. Samples’ mass loss is on linear 
increase with the erosion yield about 3×1024 cm3/atom 
and carpet-like surface morphology forms. 
(2) After AO exposure the N and C concentration 
decreases while the O concentration increases obvi-
ously. N concentration increases relatively for a period 
of time during AO exposure. 
(3) The AO adsorbs physically on the samples sur-
face when exposed to AO flux and then reacts selec-
tively with groups of PI materials. In the initial expo-
sure, the reaction occurs mainly between AO and C in 
specific location of aromatic ring generating volatile 
organic compounds. With increasing AO exposure 
time the reaction rate of C=O groups gradually in-
creases and the reaction rate of O at other sites is basi-
cally unchanged. The reaction rate of groups contain-
ing N is slower than those containing C and O. 
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